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Abstract Attributes of the recipient community may af-
fect the invasion success of arriving non-indigenous or-
ganisms. In particular, biotic interactions may enhance
the resistance of communities to invasion. Invading or-
ganisms typically encounter a novel suite of competitors
and predators, and thus their invasiveness may be affected
by how they cope with these interactions. Behavioral
plasticity may help invaders to respond appropriately to
novelty. We examined the behavioral responses of highly
invasive mosquitofish to representative novel competi-
tors and predators they might encounter as they spread
through North America. We compared the behavior of
invasive Gambusia holbrooki and G. affinis to that of two
close relatives of lower invasive potential (G. geiseri and
G. hispaniolae) in order to elucidate whether responses
to novelty related to invasiveness. In short-term assays,
female Gambusia were paired with a novel competitor,
Pimephales promelas, and a novel predator, Micropterus
dolomieu. Behavioral responses were measured in terms
of foraging success and efficiency, activity, refuge use,
predator inspections, and interspecific aggression. Con-
trary to a priori predictions, invasive and non-invasive
responses to novel interactions did not differ consistently.
In response to novel competition, both invasive species
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increased foraging efficiency, but so did G. geiseri. In
response to novel predation, only G. holbrooki decreased
consumption and activity and increased refuge use. No
antipredator response was observed in G. affinis. We
found consistent differences, however, between invasives
and non-invasives in foraging behavior. Both in the
presence and absence of the competitor and the predator,
invasives foraged more efficiently and consumed more
prey than non-invasives.

Keywords Behavioral plasticity - Foraging behavior -
Fish - Invasion - Novelty

Introduction

Although all communities appear susceptible to invasion
(Usher 1988; Williamson 1996; Lonsdale 1999), the in-
vasibility of communities is known to vary and be af-
fected by factors such as trophic structure and species
interactions (Mack et al. 2000; Sakai et al. 2001). In
particular, biotic interactions (i.e., competition and pre-
dation) may act to enhance the “resistance” of recipient
communities to invasion (Elton 1958; Moyle and Light
1996). A species’ ability to invade is strongly affected by
how arriving organisms respond to these biotic interac-
tions (Shea and Chesson 2002). Predation often results in
the prevention of establishment and the deceleration of
spread (Lodge 1993; Jaksic 1998; Reusch 1998). Com-
petition with native species can lower resources available
to the invading species and may contribute to invasion
failure (Tilman 1997; Case and Crawley 2000). Conse-
quently, communities with higher diversity (i.e., with po-
tentially more intense competition and/or more predators)
are generally found to be more resistant to invasion
(Knops et al. 1999; Stachowicz et al. 1999; Tilman 1999;
Kennedy et al. 2002; but see Stohlgren et al. 1999).
Conversely, communities where human activity has dis-
rupted species assemblages and community structure (i.e.,
those with empty niches) often appear more prone to



invasion (Moyle and Light 1996; Vitousek et al. 1996;
Williamson 1996).

While many studies address how species interactions
affect the invasibility of communities, little research has
explored how a species’ ability to cope with these inter-
actions affects invasiveness. The response (or lack there-
of) of a non-indigenous species to novel predators and
competitors in the new community will likely affect its
overall invasion success and potential for impact. Invad-
ing organisms may escape coevolved enemies when ar-
riving to a new community (Mitchell and Power 2003;
Torchin et al. 2003), but will likely gain a suite of novel
enemies to which they lack adaptive responses (Maron
and Vila 2001). If novel enemies are somewhat similar to
natural enemies, organisms may respond adaptively be-
cause they are essentially “preadapted” to new conditions
(Sakai et al. 2001). If enemies in the new community are
truly novel, phenotypic plasticity may allow organisms to
respond adaptively (Vermeij 1996; Hinfling and Kollman
2002). In particular, behavioral plasticity may help or-
ganisms to respond appropriately to novelty (Schlaepfer
et al. 2002) and invade (Sol and Lefebvre 2000). For
instance, in birds, the best-studied animal invasive taxon
(Kolar and Lodge 2001), behavioral flexibility is corre-
lated with invasion success. Bird species with a higher
frequency of foraging innovations are more likely to in-
vade when introduced (Sol and Lefebvre 2000; Sol et al.
2002). Alternatively, invasive species may cope well with
novel competitors and predators, not because they exhibit
plastic responses to novel interactions per se, but simply
because they are generally superior competitors (e.g.,
better foragers; Petren and Case 1996) and/or highly re-
sponsive to predation risk (e.g., higher response to alarm
cues; Hazlett et al. 2003).

In the present study, we used laboratory assays of
behavioral responses to novel competition and predation
to test the idea that the ability to cope well with novel
biotic challenges is a component of invasiveness. Short-
term behavioral assays are a useful tool in ecology, of-
ten yielding important insights into species interactions
(e.g., Milinski and Heller 1978; Gilliam and Fraser 1987,
Abrahams and Dill 1989). Short-term assays are also
helpful in generating predictions about longer-term pop-
ulation-level responses to novel species interactions
(Rehage 2003). Specifically, we quantified the foraging
and behavioral responses of two invasive mosquitofish
species (Gambusia affinis and G. holbrooki) to novel
predators and competitors, and compared their responses
to those exhibited by two closely related species of lower
invasion potential, G. geiseri and G. hispaniolae. Small-
mouth bass (Micropterus dolomieu) were used as novel
predators and fathead minnows (Pimephales promelas) as
novel competitors.

We compared the foraging success, foraging efficien-
cy, activity, and refuge use of the four Gambusia species
in the presence and absence of these novel predators and
competitors. We expected G. affinis and G. holbrooki to
be more likely to respond appropriately to novelty than
their less invasive relatives. Specifically, in response to
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novel competition, we expected invasive Gambusia to
increase foraging activity and efficiency in order to
achieve at least the same foraging success as in the ab-
sence of fathead minnows. Aggression should be an im-
portant component of interference competition, and since
G. daffinis and G. holbrooki are notorious for their ag-
gressive behavior (Courtenay and Meffe 1989), we quan-
tified agonistic interactions between Gambusia and fat-
head minnows, with the expectation that the two invasive
species would be more aggressive than G. geiseri and G.
hispaniolae.

In response to novel predation risk, we expected in-
vasive Gambusia to decrease foraging and activity, and
increase refuge use. We quantified predator inspections
with the expectation that if invasive Gambusia were more
likely to respond adaptively to novel predation risk, they
would inspect predators more. Finally, we measured pred-
ator activity to test the notion that if invasive and non-
invasive Gambusia differ in antipredator behavior and
vulnerability, then predators might respond differently to
them (e.g., Quinn and Cresswell 2004). Beyond testing
for plasticity in behavioral responses to novel interac-
tions, we also considered species differences in baseline
behavior to test whether G. affinis and G. holbrooki might
exhibit traits such as higher overall foraging success,
foraging efficiency, and activity relative to G. geiseri and
G. hispaniolae.

System

The comparison of species with common ancestry such as
congeners is a useful tool for identifying traits associated
with invasiveness (Mack 1996). This approach minimizes
the confounding effects of phylogeny (Harvey and Pagel
1991) and may clarify the importance of small differences
in the ecology of species in the context of invasions
(Williamson 1996). Ideally, a comparative study aimed at
understanding the relationship between traits and inva-
siveness would map all potentially important traits on a
phylogeny that includes numerous species (and numerous
populations) that represent multiple, evolutionarily inde-
pendent transitions between invasive and non-invasive
states. However, logistical constraints limit both the num-
ber of species and the number of traits that may be ex-
amined. In this study, the four species examined represent
a non-random sample of all Gambusia. In this poeciliid
genus, it appears that only two species are invasive (G.
affinis and G. holbrooki). Despite being sister taxa, re-
search shows that they differ in traits that may affect their
relative invasiveness; thus, both invasive species were
included in this study. Scribner (1993) reported that G.
holbrooki mature at a younger age and larger size than G.
affinis, and in experimental mesocosms, G. holbrooki had
higher population sizes, carrying capacities, and over-
wintering survival. In contrast, our previous work found
no differences in individual growth, maximum feed-
ing rates, population sizes, or overwintering survival, but
detected higher fecundity in G. holbrooki and higher
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dispersal tendency in G. affinis (Rehage 2003; Rehage
and Sih 2004; Rehage et al., unpublished data). Among
less invasive Gambusia, G. geiseri is the closest relative
to the invasive species pair (partial phylogeny by Lydeard
et al. 1995), and hence an obvious choice for comparison.
Finally, since so many species in this genus have a Car-
ibbean distribution, we included a representative of those
species—G. hispaniolae.

Because of their ability to spread widely and their
negative impacts on aquatic communities, G. affinis and
G. holbrooki have been designated among the 100 worst
invasive species worldwide (ISSG 2000). Efforts to re-
duce the incidence of malaria resulted in the widespread
introduction of mosquitofish to over 70 countries as
biocontrol agents against mosquitoes (Krumholz 1948;
Lever 1996; Hoddle 2004). While mosquitofish have of-
ten been released in highly disturbed or artificial habi-
tats, they eventually spread into pristine areas (Arthington
and Lloyd 1989) where they severely impact native
fishes, amphibians, and invertebrates (Schoenherr 1981;
Courtenay and Meffe 1989; Gamradt and Kats 1996;
Howe et al. 1997; Webb and Joss 1997; Goodsell and Kats
1999). Their impact is primarily through predation, usu-
ally of the eggs, fry, and larvae of native biota (Meffe
1985; Courtenay and Meffe 1989; Gamradt and Kats
1996); thus our focus on how novel interactions may affect
their foraging success and underlying behaviors.

The congeners G. geiseri and G. hispaniolae were
selected for comparison because of their seemingly low
invasive potential. G. geiseri is native to spring-fed
headwaters of the southwestern United States (Hubbs and
Springer 1957). While several introductions have been
conducted in similar habitats (Fuller et al. 1999), G.
geiseri has failed to invade beyond points of introduction
(C. Hubbs, personal communication). G. hispaniolae is
native to the southwest region of the Dominican Republic
(Burgess and Franz 1989) and has never been introduced
outside its native range. However, the fact that G. his-
paniolae has failed to spread despite increased connec-
tivity in its native range (due to irrigation canals), while
other species have (C. Rodriguez, personal communica-
tion), may suggest that G. hispaniolae is non-invasive.

Methods

To examine how invasive and non-invasive Gambusia species re-
spond to novelty, we exposed wild Gambusia females to a novel
predator and a novel competitor in two separate, consecutive lab-
oratory experiments. Novel predators and competitors were chosen
from species that had no evolutionary history (i.e., no coexistence)
with the four Gambusia study populations and from widespread
invasives species that spreading Gambusia would likely encounter.
Because of our interest in exploring correlations in feeding per-
formance and behavioral responses across predation and competi-
tion contexts (reported elsewhere), we used the same individual
females in both experiments. Females were collected from within
each species’ native ranges in the summer and fall of 1999. G.
geiseri and G. affinis females were collected from Comal springs
and the Comal river (1.5 km apart), respectively in Comal County,
TX. G. holbrooki females came from Leon Hines Lake, Escambia

County, AL., and G. hispaniolae females were collected from La
Azufrada spring, Lake Enriquillo, Dominican Republic. We chose
adult females because they are the gender and age class that is most
relevant for initial invasions. Gambusia females can store sperm
from multiple males; thus a single female can initiate a population
with minimal negative founder effects (Chesser et al. 1984; Zane et
al. 1999).

In order to document the effect of novel behavioral interactions
on the foraging behavior of Gambusia, we conducted behavioral
trials in the presence of prey. We used Daphnia pulex as prey in the
competition experiment and Drosophila melanogaster as prey in
the predation experiment. Stomach-content analyses show that
cladocerans (including daphniids) and neustonic prey often con-
stitute a significant proportion of the diet of invasive Gambusia
(Crivelli and Boy 1987; Arthington and Marshall 1999; Garcia-
Berthou 1999). No data were found on the diet of natural popula-
tions of G. geiseri and G. hispaniolae. All study fish were previ-
ously fed both prey items (Rehage et al., unpublished data); thus
prey were not novel. We used the same total prey biomass in
competition and predation trials (0.02 g) but different prey densities
(40 Daphnia vs 20 Drosophila).

Novel competition

Fathead minnows were chosen as novel competitors because they
exhibit significant overlap in resource use with Gambusia (i.e., they
are potential competitors), but do not co-occur with focal Gambusia
populations. Gambusia species are likely to encounter minnow-
like competitors in both their native range and introduced ranges
(Hubbs et al. 1953; Arthington 1991). Fathead minnows are very
similar to invasive mosquitofish in their habitat requirements
(usually shallow and vegetated areas in lakes and streams), broad
diets, and wide physiological tolerances (Moyle 2002). Fathead
minnows are themselves widespread invaders, introduced as a bait
and forage fish (Fuller et al. 1999). Minnows used in the experi-
ment were obtained from the Frankfort Fish Hatchery, Frankfort,
KY.

We performed two 10-min trials on 12 females of each Gam-
busia species (12 femalesx4 speciesx2 trials=96 trials). Trials were
conducted in April 2000 and videotaped for later analysis. Trials
without the competitor (referred to as individual trials) were con-
ducted first (8—13 April). Gambusia were randomly assigned to one
of the six consecutive trial days. Trials with minnows present
(competition trials) were conducted later over a 5-day period (19—
24 April). The order of trials was the same in competition trials as
in individual trials. All trials were conducted in 6-1 plastic con-
tainers where individual Gambusia had been housed for several
months prior to the experiment. Two days prior to the start of the
experiment, 48 randomly chosen but size-matched (within 1 mm
standard length) fathead minnows were isolated into identical
tanks. Because Gambusia maximum size is typically around 45 mm
and fathead-minnow maximum size is closer to 100 mm (Fuller et
al. 1999), all minnows used in the experiment were juveniles.

Individual trials were started immediately upon addition of the
40 Daphnia pulex and ended when all prey were consumed or after
10 min. In the competition trials, the minnow was added to the
Gambusia tank and allowed to acclimate for 24 h prior to trials. A
translucent, perforated partition placed in the center of each tank
allowed chemical and visual cues to be transmitted but no physical
contact between the pair. The partition was removed 5 min before
the start of each competition trial. Trials started with the addition of
40 Daphnia pulex (same number of prey as in individual trials). All
fish were starved 24 h prior to trials. In between trials, fish were fed
commercial fish flakes ad libitum, and tanks were provided with
refuge in the form of a clump of java moss, Vesicularia dubyana.
Water temperature and photoperiod were maintained at about
22.3°C (20.1 SE, n=96) and 14 h L:10 h D for the duration of the
experiment.

From observations conducted during trials, we recorded the
number of prey consumed by each competitor (foraging success).
For the competition trials, we calculated the proportion of the prey



consumed by the Gambusia out of the total consumption [prey
eaten by Gambusial(prey eaten by Gambusia+prey eaten by min-
now)]. From analyses of taped trials, we extracted measures of
Gambusia foraging efficiency and activity with and without com-
petition, and when minnows were present, we obtained data on
aggression. Taped trials (top-view) were watched 2-3 times by a
single observer, using a stopwatch to measure time spent in each
behavior and a counter to record the number of agonistic interac-
tions. Foraging efficiency was calculated as the number of prey
consumed per unit time spent foraging. Foraging time was scored
as the time spent encountering, attacking, capturing, and consuming
(handling) prey, but it did not include prey search time (difficult to
assess in the confinement of small tanks). Because time spent
foraging could vary substantially across trials, patterns of foraging
efficiency did not necessarily mirror patterns of foraging success.

Foraging time included both successful and unsuccessful en-
counters, attacks, and captures. An encounter was defined as any
approach to a prey item, even if there was no attempt to capture it.
Encounters were clearly distinguished from non-foraging swim-
ming because, in an encounter, Gambusia swam directly towards a
prey item, approaching it closely, and often bumping it. An attack
was defined as any attempt to seize a prey item, and a capture was a
successful attack. Time spent handling prey was defined as the time
between capture and consumption (i.e., when the prey item was
actually swallowed). Consumption was indicated by the cessation
of movement of mouthparts and the resumption of swimming.
Gambusia typically ceased or slowed their swimming to handle
prey (J.S. Rehage, personal observation).

Inactivity was recorded as the proportion of time Gambusia
spent completely motionless (time spent motionless divided by trial
duration). We were careful not to score the cessation of movement
while handling prey as inactivity. For interspecific aggression, we
calculated a rate of agonistic interactions (number per minute) by
dividing the number of interactions initiated by the Gambusia or the
minnow separately by the trial duration. These interactions in-
cluded approaches, chases, and chases with physical contact (usu-
ally a bump or bite in the abdominal area). A rapid, direct move-
ment by one fish toward another fish within less than one body
length (about 35 mm) was considered an approach. If the fish being
approached swam away from the fish doing the approaching and
the latter followed, this was considered a chase.

Novel predation

Smallmouth bass were selected as the novel predator species be-
cause they are widespread and abundant, and like fathead minnows,
do not co-occur with study populations. Smallmouth bass occur
naturally in the upper Mississippi River drainage, but like other
predatory centrarchids, they have been widely introduced and are
presently a common predator in many North American lakes and
streams (Fuller et al. 1999). Because other centrarchid species (e.g.,
largemouth bass and Lepomis sp.) coexist with and may predate
upon three of the four Gambusia species (G. affinis, G. holbrooki
and G. geiseri, but not G. hispaniolae—cichlids are their natural
predators), the degree to which smallmouth bass represent a com-
pletely novel threat may vary. However, even closely related cen-
trarchids, such as smallmouth and largemouth bass, differ in their
predatory behavior (Winemiller and Taylor 1987; Hodgson et al.
1997), making smallmouth a relatively novel threat to all Gambu-
sia. For this experiment, four juvenile smallmouth bass (averaging
130 mm standard length) were collected from the confluence of the
north and south forks of Elkhorn Creek, Franklin County, KY.

As in the competition experiment, trials lasted 10 min and were
videotaped for later analysis. The 12 females of each Gambusia
species were subjected individually to a no-predator trial (also re-
ferred to as the individual trial) followed by a trial with a small-
mouth bass present (predation trial) (12 femalesx4 speciesx2 tri-
als=96 trials). Trials were conducted in September 2000 in six
3-day blocks. Two fish of each Gambusia species were randomly
assigned to each time block. On day 1 of each block, female
Gambusia were introduced to 38-1 aquaria (after being fed flakes ad
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libitum) and were starved for 24 h. On day 2, individual trials were
conducted with 20 flightless, live fruit flies (Drosophila melano-
gaster) added to the water surface. Prey left unconsumed at the end
of individual trials were counted and left in the tank for an addi-
tional 15 min to allow fish to continue feeding, in order to better
standardize hunger levels prior to predation trials. Gambusia were
then starved for the next 23.5 h. On day 3, predation trials were
conducted with the same number of flies, but in the presence of the
smallmouth bass. Trials were randomized so that each of four in-
dividual predators encountered three females of each Gambusia
species.

One hour prior to the predation trials, we divided tanks into
equal halves using an opaque, plastic partition, and placed the bass
in the side opposite to the Gambusia. Partitions were later removed,
and after a 5-min acclimation period, Drosophila were added and
trials were started. Tanks were provided with a refuge for the
Gambusia consisting of a piece of PVC tubing (100 mm length by
50 mm diameter) glued to the side of the tank 10 mm below the
water line. Refuges were placed high in the water column because
Gambusia are typically found close to the surface, and under pre-
dation risk often move to shallow areas where predators are ex-
cluded. Predators were allowed to move freely in tanks and ap-
proach Gambusia. Predators were fed Gambusia ad libitum in be-
tween trials but were starved 24 h prior to trials. After the first 3-
day block, three of the four predators died (due to low oxygen
conditions in holding tanks) and were replaced with fish from the
same population. There were 3 actual predation events during the
experiment, but we were able to replace only 1 female (final sample
size was 46 Gambusia).

Trials were terminated either when all flies were consumed or
after 10 min. From direct observations during trials, we quantified
the number of prey consumed in the presence and absence of
predators (foraging success). From tapes, we quantified Gambusia
foraging efficiency, activity, and refuge use in the absence and
presence of smallmouth bass, and predator inspections when bass
were present. Foraging efficiency and activity were scored from
tapes in the same manner as in the competition trials. Refuge use
was the proportion of the trial time spent in refuge. We considered
Gambusia to be in refuge if fish were found either on top, inside,
behind (between refuge and back wall of tank) or right underneath
the PVC tubing refuge. Fish scored to be in refuge could be
swimming or inactive, so that inactivity and refuge use were not
mutually exclusive behaviors. Predator inspections were cautious
approaches by the Gambusia toward the predator and were scored
as a rate (number of approaches divided by trial duration). In-
spections were distinguished from normal swimming because in-
specting Gambusia slowly approached the predator while being
visually fixated on it, and when done inspecting, generally retreated
from the predator without losing eye contact.

Since we expected that predator activity would affect the per-
ception of risk by female Gambusia, and thus their behavioral re-
sponses, and since individual predators differed in how active they
were during trials, we quantified the proportion of time predators
were active in each trial. Predators were considered to be active if
there was any movement of their body, including movement of
their fins that involved only a slight change in position, as well as
regular swimming.

Statistical analyses

For both experiments, we examined species differences in be-
havioral and foraging responses to novel competitors and predators
by running repeated measures ANOVAs, with species as the be-
tween-subject effect and competition (or predation) and the com-
petition (or predation) by species interaction as the within-subject
effects. The species by competition (or predation) effect was in-
dicative of differences in behavioral plasticity, whereas the species
effect indicated overall behavior differences. Focal variables in-
cluded: foraging success, foraging efficiency, proportion of time
inactive, and proportion of time in refuge (only measured in pre-
dation trials). Prior to running ANOVAs, a MANOVA was per-
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formed to test for an overall species effect on mean response
variables (average of with and without competition and with and
without predation trait values). Preliminary analyses included
predator activity and Gambusia size as covariates and time as a
blocking factor (trial day in competition experiment and 3-day
block in predation experiment); however, these factors were not
significant and were excluded from final analyses. The only ex-
ception was Gambusia size being a significant covariate in the
analysis of competition foraging success and foraging efficiency.
However, the only effect of size was to increase the disparity be-
tween the two non-invasive species (since they are at the opposite
ends of the size distribution—G. hispaniolae was the largest, G.
geiseri the smallest, and the invasive pair were intermediate in
size). Since including size complicated interpretation of results
otherwise, we omitted it from analyses reported here.

Simple one-way ANOVAs for the competitor and predator
treatment only were conducted with species as a main effect (nei-
ther covariate was significant). Separate analyses were conducted
for the following variables: proportion of prey eaten by Gambusia
in competition, rates of predator inspections by Gambusia, and
predator activity. Aggressive interactions in competition trials (cal-
culated as rates, number per minute of trial time) were compared
with a repeated measures ANOVA that tested for the effect of
competitor (Gambusia vs minnow), of Gambusia species, and the
interaction.

To meet parametric test assumptions, we performed Cochran’s
test (Underwood 1997) on all variables, and transformed all those
where evidence of variance heterogeneity was found. Among the
competition variables, proportion of time inactive, proportion of
prey consumed by Gambusia, and aggression rates were trans-
formed; whereas for predation variables, foraging efficiency, pro-
portion of time in refuge, and predator inspection rates were
transformed. Transformations were log (In of observed value+1) for
rates and arcsine square root for proportions.

When a significant species effect was found, we used planned
orthogonal contrasts to test three hypotheses of interest. We tested
whether the two invasive species differed from the two non-inva-
sive relatives and whether there were differences between the two
invasive species (G. affinis vs G. holbrooki) and between the two
non-invasive species (G. geiseri vs G. hispaniolae). For significant
species by competition (and predation) interactions in the repeated
measures, we compared means in the absence and presence of bi-
otic interactions for each species separately (four comparisons). We
used Bonferroni pairwise comparisons by adjusting the significance
level to P=0.0125 (0.05/4) (Miller 1981). All statistical tests were
conducted using the mixed model procedure in SAS 9.1 (Littell et
al. 1996).

Results

Our MANOVA analysis of behavioral and foraging
variables averaged across competition/no competition
and predation/no predation contexts showed a significant
species effect (Wilks’s Lambda, F5; 75=2.5, P=0.002),
indicating that there was variation in how the four
Gambusia species foraged and generally behaved in both
experiments.

Novel competition
Foraging success
Gambusia species differed in their overall foraging suc-

cess, but showed no differential response to novel com-
petition (no significant speciesxcompetition interaction)

Table 1 Summary of repeated measures and one-way ANOVAs
testing foraging variables and behavioral responses in the compe-
tition experiment

Variable Effect df F P-value

Foraging Species 3,44 46  0.007

success Competition 1,44 253 0.0001
Speciesxcompetition 3, 44 1.1 0.37

Foraging Species 3, 44 6.3  0.001

efficiency Competition 1,44 17.1 0.0001
Speciesxcompetition 3, 44 24 0.08

Inactivity Species 3, 44 5.1 0.004
Competition 1,44 0.03 0.86
Speciesxcompetition 3, 44 8.7  0.0001

Agonistic Species 3, 44 1.4 027

interactions Competitor identity 1,44 128  0.001
Speciesxcompetitor 3, 44 1.2 034
identity

Proportion Species 3, 44 3.0 0.04

of prey con-

sumed by

Gambusia

(Table 1). Regardless of whether or not competitors were
present, prey consumption was higher for the invasive G.
holbrooki and G. affinis relative to G. hispaniolae and G.
geiseri (25 vs 17 Daphnia) (Fy 44=8.4, P=0.006). Of the
two invasives, G. affinis tended to be the species with the
greatest overall consumption (compared to G. holbrooki;
F144=3.0, P=0.09) (Fig. 1a). The overall effect of com-
petition was a 40% decrease in consumption across all
species, but in competition trials we saw differences in the
number of prey consumed by Gambusia relative to the
total consumption (Table 1). G. geiseri and G. hispanio-
lae secured a lower proportion of the total prey consumed
relative to the invasive species pair (Fj 44=3.4, P=0.04).
In particular, while invasive Gambusia and G. geiseri
secured about half of the prey eaten (47% compared to
53% eaten by minnows), G. hispaniolae only consumed
22% of the prey (compared to G. geiseri, Fy 44=5.0,
P=0.03) (Fig. 1b).

Foraging efficiency

The repeated measures analysis of foraging efficiencies
detected a competition effect, a species effect, and a trend
for a competition by species interaction (Table 1). Across
competition and no competition contexts, invasive Gam-
busia were significantly more efficient foragers than
the two non-invasive species (Fj 44=16.5, P=0.0002).
On average, invasive Gambusia consumed 23 prey per
minute spent foraging, whereas non-invasive Gambusia
consumed just 12 prey per minute. Interestingly, compe-
tition caused an overall increase in Gambusia foraging
efficiency (i.e., all fish generally foraged more intensely
when a competitor was present; Fig. lc), but we also
detected a tendency for species to respond differently.
Foraging efficiencies appeared to increase for G. affinis
and G. geiseri, and—though not significantly—for G.
holbrooki (Bonferroni pairwise comparisons with critical



Fig. 1 a Foraging success
(number of Daphnia pulex
consumed). b Proportion of
Daphnia consumed while in
competition. ¢ Foraging effi-
ciency (Daphnia consumed per
minute spent foraging). d Pro-
portion of trial time spent inac-
tive in the presence and absence
of a novel competition (by Pi-
mephales promelas) of each
Gambusia species, the invasives
G. holbrooki and G. affinis, and
the non-invasives G. geiseri and
G. hispaniolae. Data are
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P=0.0125: P=0.001, P=0.006, and P=0.04 respective-
ly). In contrast, G. hispaniolae, the non-invasive species
that ate only 22% of the Daphnia in the presence of
minnows, showed no increase in foraging efficiency
(P=0.89).

Activity

Gambusia were very active in the competition experiment
(Fig. 1d). On average, females spent only 10% of trial
time immobile, and we did not detect a large difference
between invasive and non-invasive Gambusia (F 44=2.8,
P=0.10). Instead, the largest difference was between G.
hispaniolae and G. geiseri (F; 44=12.2, P=0.001). On
average, G. hispaniolae spent more than twice as much
time immobile as G. geiseri. In terms of a plastic response
to competition, only G. hispaniolae changed its activity
significantly between the competition/no competition
contexts by cutting its time spent immobile in half
(P=0.0001) (Fig. 1d); however, this increase in activity
did not translate into better foraging performance since
efficiency did not increase concurrently. We suspect this
increase in activity resulted from chases by minnows.

G. gei G.aff G hol G. his G. gei

Aggression

Contrary to expectations, we found fathead minnows to
be significantly more aggressive than Gambusia (Ta-
ble 1). The number of agonistic interactions initiated over
all trials totaled 629 for minnows compared to only 282
for Gambusia, and interaction rates (adjusted for trial
duration) were, on average, 3 times greater for minnows
relative to Gambusia (Fig. 2). There was no species by
competitor identity interaction indicating that the Gam-
busia species were equally aggressive toward minnows,
and minnows were also equally aggressive toward inva-
sive and non-invasive Gambusia.

Novel predation
Foraging success

In parallel with the competition experiment, invasive
Gambusia consumed more prey than the two non-invasive
species in both the presence and absence of predation risk
(on average 12 vs 7 Drosophila) (Fy 4=8.1, P=0.007)
(Fig. 3a). Novel predation risk from smallmouth bass
resulted in a 22% decrease in consumption across Gam-
busia species (Table 2), although on a species by species
basis, only invasive G. holbrooki reduced foraging sig-
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Fig. 2 Number of agonistic interactions (means+1 SE) per minute
of trial time initiated by each Gambusia species and by P. promelas
in competition trials.

nificantly (by 46%) (P=0.0003), no significant response
was detected in the other species (G. affinis, P=0.21; G.
geiseri, P=0.80; G. hispaniolae, P=0.46).

Foraging efficiency

There was a species difference, though not significant, in
overall foraging efficiency (Table 2). On average, inva-
sives consumed 7 prey per minute spent foraging in both
trials, whereas non-invasives consumed 4 prey per minute

Fig. 3 a Foraging success a
(number of Drosophila melan-
ogaster consumed). b Foraging
efficiency. ¢ Proportion of trial
time spent inactive. d Propor-
tion of trial time spent in refuge
of each Gambusia species in the
presence and absence of novel
predation risk (by M. dolomieu).
Data are means+1 SE.

Foraging success

Table 2 Summary of repeated measures and one-way ANOVAs
testing foraging variables and behavioral responses in the predation
experiment

Variable Effect df F P-value
Foraging success Species 3,42 32 0.03
Predation 1, 42 8.4  0.006
Speciesxpredation 3,42 33 0.03
Foraging Species 1,42 26 0.07
efficiency Predation 3,42 06 043
Speciesxpredation 3,42 3.2 0.04
Inactivity Species 3,42 3.1 0.04
Predation 1, 42 1.6 023
Speciesxpredation 3,42 3.0 0.04
Refuge use Species 3,42 3.6 0.02
Predation 1,42 147 0.0001
Speciesxpredation 3,42 4.9  0.005
Predator inspections = Species 3,42 0.88 0.46
Predator activity Species 3,42 025 0.86

(F, 4o=4.8, P=0.03). In response to predation risk, we saw
a plastic response only in G. hispaniolae, with an increase
in foraging efficiency in the presence of the predator
(P=0.011) (Fig. 3b). No response was detected in the
other species (G. affinis, P=0.85; G. holbrooki, P=0.10;
G. geiseri, P=0.59).

Activity, refuge use and predator inspections

Unlike competition, predation risk had a strong effect on
activity levels, and this effect was parallel to the effect
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seen on refuge use. Neither activity nor refuge use varied
significantly between invasive and non-invasive Gambu-
sia (Fy 4,=0.01, P=0.90 and F; 4,=3.1, P=0.09 respec-
tively). The main difference in these behaviors was be-
tween G. holbrooki and G. affinis (Activity: Fy 4,=7.6,
P=0.009; and refuge use: F; 4,=8.0, P=0.007). In the
presence of smallmouth bass, G. holbrooki females more
than doubled their time spent immobile and quadrupled
refuge use (P=0.003 and P=0.0001 respectively), whereas
no response was observed in the other three species
(Fig. 3c.,d).

There were no species differences on the rate of
predator inspections (Table 2). Overall, a fairly small
number of predator inspections were recorded during
predation trials (56 total). This may be explained by the
fact that trials were conducted in relatively small tanks
where Gambusia may have been able to assess risk
without expressly approaching the predator. We also
found no indication that predators responded differently
toward invasive and non-invasive Gambusia by altering
their activity (Table 2).

Discussion

Invaders have particularly large impacts on a recipient
community if the invader performs a novel function
(Elton 1958; Ricciardi and Atkinson 2004). This novelty
in function has been linked to species extinctions, shifts in
community structure (e.g., predators on oceanic islands
and lakes; Fritts and Rodda 1998; Ogutu-Ohwayo 1999)
and even changes in key ecosystem processes (e.g., nu-
trient cycling; Vitousek et al. 1997). However, how the
invaders themselves deal with novel interactions associ-
ated with invading a new community is less well under-
stood. Similarly, the role of behavior as a key factor
mediating a species’ invasion success and impact has
remained largely unexplored until relatively recently
(Holway and Suarez 1999; Sol et al. 2002). Our study
compared behavioral responses between invasive and
non-invasive congeners with the expectation that inva-
sives may be more likely to respond appropriately to
novel interactions because of greater behavioral plasticity.
We documented changes in behavior in all variables
measured, in both contexts (predation and competition),
and in all four Gambusia species; however, we did not
find consistent differences between invasive and non-in-
vasive Gambusia in their behavioral responses to novel
interactions. Both invasive Gambusia responded adap-
tively to novel competition by increasing foraging effi-
ciency, but only G. holbrooki showed a change in be-
havior in response to novel predation risk. In the presence
of smallmouth bass, G. holbrooki decreased foraging
success and activity and increased refuge use, while G.
affinis exhibited no response. Among the non-invasives,
G. geiseri responded adaptively to novel competition with
increased efficiency but not to predation risk, while G.
hispaniolae only increased activity in response to com-
petition and showed what may be considered a mal-
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adaptive response to predation (increased foraging effi-
ciency).

In contrast, our study documented consistent differ-
ences in the foraging behavior of the four Gambusia
species. Both in the presence and absence of the novel
competitor and novel predator, G. holbrooki and G. affinis
foraged more efficiently and consumed more prey than
G. geiseri and G. hispaniolae. In a previous experiment
conducted in the absence of biotic interactions, G. affinis
and G. holbrooki also exhibited higher feeding rates on
the same two prey used here and on a third prey item,
Lirceus fontinalis, than their non-invasive congeners
(Rehage et al., unpublished data). These results suggest
that a superior foraging ability may be an important
component of the invasiveness of G. holbrooki and G.
affinis. Previous studies on the foraging behavior of in-
vaders have largely tested whether diet breadth (among
other traits) is a good predictor of invasiveness (e.g.,
Kolar and Lodge 2002), while little attention has been
given to how efficient, opportunistic or aggressive in-
vaders are as foragers. However, a superior ability to
acquire resources can strongly affect an invader’s survival
and fecundity, and may confer a large competitive ad-
vantage in the invaded range (Petren and Case 1996).
Such an advantage can increase the probability of suc-
cessful establishment and result in the displacement
of native species (Petren and Case 1996; Bghn and
Amundsen 2001). Thus, these results also suggest that if
introduced, G. geiseri and G. hispaniolae should have
relatively lower per capita impact. In contrast, predation
by mosquitofish is known to strongly impact local prey
populations and can result in significant alterations in
aquatic communities (Hurlbert et al. 1972; Hurlbert and
Mulla 1981; Harris 1995; Margaritora et al. 2001).

Novel competition with fathead minnows affected
Gambusia foraging success and behavior via agonistic
interactions (i.e., interference competition) and through
the direct consumption of resources (i.e., exploitation).
Unexpectedly, fathead minnows proved to be more ag-
gressive than invasive Gambusia. Minnows were more
likely to chase, contact, and nip Gambusia than vice
versa, and they significantly lowered Gambusia foraging
success. Minnows also did not discriminate among the
four Gambusia species; they were equally aggressive to-
ward invasive and non-invasive species. Similarly, inva-
sive and non-invasive Gambusia showed equally low
levels of aggression towards minnows. These results are
surprising given that several studies make reference to the
high aggression of mosquitofish as an important mecha-
nism explaining their severe impact in invaded com-
munities (Myers 1965; Schoenherr 1981; Meffe 1985;
Courtenay and Meffe 1989). Aside from their predatory
impact, the agonistic behavior of mosquitofish is known
to cause harmful physiological stress on native species
(e.g., cessation of feeding, decreased fecundity, and in-
creased mortality), even on species much larger than
themselves (Meffe 1985; Courtenay and Meffe 1989;
Howe et al. 1997). In other systems, recent studies also
show that aggression is an important component of both
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an invader’s invasiveness and impact (Usio et al. 2001;
Tsutsui et al. 2003).

Despite being more aggressive than Gambusia, fathead
minnows did not generally monopolize prey resources.
Invasive Gambusia species faced with competition had
lower foraging success (relative to when competitors were
absent), but competition for prey between invasives and
fathead minnows was highly symmetrical. An increase in
foraging efficiency allowed the invasive species to cope
with competition rather well. Surprisingly, non-invasive
G. geiseri showed the same adaptive response to novel
competition. Only G. hispaniolae showed no response to
competition (beyond an increase in activity), thus secur-
ing a smaller portion of the prey. This lack of response
may be explained by the fact that G. hispaniolae females
inhabit a species-poor community with only two known
potential competitors, Limia melanotata (another poe-
ciliid species) and Cyprinodon bondi (Haney and Walsh
2003), whereas other Gambusia likely interact with a
larger number of potential competitors (Hubbs et al. 1953;
USFWS 1996).

In response to predation risk, prey typically decrease
their activity and foraging behavior, and alter their habitat
use (i.e., increasing refuge use or use of predator-free
microhabitats) (Sih 1987; Lima and Dill 1990). These
responses are adaptive since they often reduce conspicu-
ousness, encounter rates, and thus vulnerability to preda-
tors (i.e., Lawler 1989; McPeek 1990). This is especially
true in the case of visual ambush predators like small-
mouth bass that respond to prey movement (Edmunds
1974). In our predation experiment, G. holbrooki re-
sponded strongly to the presence of smallmouth bass by
reducing food consumption and activity and increasing
refuge use. Predation risk had little or no effect on the
foraging success or behavior of the other three Gambusia
species, including invasive G. affinis. The only detectable
response was an increase in foraging efficiency in G.
hispaniolae. This response may be considered inap-
propriate since increased foraging may make prey more
conspicuous to predators, and may reduce vigilance and
escape success. This risky behavior could be explained by
a higher energetic stress in G. hispaniolae relative to the
other Gambusia (Godin and Smith 1988). Alternatively,
an increase in foraging efficiency might actually be adap-
tive if it results in less time exposed to predation risk.

Since invading species are likely to encounter both
novel predators and competitors as they colonize new
habitats, invasion success could depend on the ability of
invading organisms to respond adaptively to both (as well
as other novel enemies; e.g., pathogens, parasites). Only
G. holbrooki responded adaptively to both competition
and predation, suggesting that G. holbrooki may inher-
ently have greater behavioral plasticity that other Gam-
busia. Alternatively, these differences may be due to the
fact that the Gambusia species differed in their perception
of the relative costs and benefits of the particular species
interactions tested here. For instance, G. holbrooki may
be more susceptible to predation by smallmouth bass
than other Gambusia and, therefore, showed a stronger

antipredator response (e.g., Sih 1982). It is also plausible
that the particular competition and predation regime ex-
perienced by G. holbrooki resembled native conditions
enough to allow females to respond adaptively in both
contexts. If this is true, differences in behavioral response
simply reflect differences in learning and experience,
since we used wild females. This argument may be
strengthened by the fact that the two species that could
experience the most similar competition and predation
regimes in the wild, G. affinis and G. geiseri, although not
equally invasive, responded similarly. Both species in-
creased foraging efficiency in response to competition,
and showed no response to predation risk. G. affinis
females were collected 1.5 km downstream from the
spring-fed headwaters inhabited by the G. geiseri females.
However, despite this small distance, abiotic conditions in
the springhead (i.e., constant temperature and high flow)
make it an area of endemism with a unique species as-
semblage (USFWS 1996). Water control structures be-
tween the spring and river may further limit the degree of
biotic similarity between these habitats.

While some studies point to the loss of natural enemies
as a major mechanism for invasion success, other research
shows that invaders often quickly gain a large number of
novel enemies in a newly invaded range (Maron and Vila
2001; Colautti et al. 2004). Because invaders are essen-
tially naive to them, their population performance may be
strongly affected by their interactions with these novel
enemies (e.g., Case and Crawley 2000). In the absence of
other adaptive responses, the notion that behavior should
play an important role in mediating novel interactions
deserves further study. In our system, further testing with
additional novel predators and competitors is needed to
clarify if these responses to novelty are an important
component of mosquitofish invasiveness, particularly for
G. holbrooki. To remove the potential confounding effect
of experience and learning, future work should use lab-
oratory-reared individuals. Future studies should also
compare Gambusia behavioral responses to not just novel
invasive predators and competitors, but also to native
predators and competitors, and to novel predators and
competitors that are not invasive themselves. These com-
parisons should provide a more definitive test of the hy-
pothesis that Gambusia species respond differently to not
just competition or predation per se, but to novel inter-
actions, in particular.
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